When cells of a marine pseudomonad washed free of medium components with 0.05 M MgSO4 were suspended in solutions containing 200-mM concentrations of various salts, there was an immediate increase in optical density (OD), followed by a slow decrease. The decrease following the initial increase, but not the increase itself, could be prevented by omitting K+ from or by adding metabolic inhibitors to the suspending solution. With NaCl, the initial increase in OD rose to a maximum as the salt concentration was increased to 200 mm and then declined at 500 mM. There was a corresponding decrease in intracellular fluid volume to a minimum at 200-mM NaCl and then a rise. When the increased OD produced by NaCl was maintained, the internal Na+ and Cl-could be shown to have reached essentially the same concentration in the cells as in the medium. Thus, the OD changes could not have been due to osmotic effects. No evidence was obtained of a salt-induced aggregation of nuclear material. The OD of suspensions of isolated cell envelopes increased in response to increases in NaCl concentration in the absence but not in the presence of 0.05 M MgSO4. The data was interpreted to indicate that the salt-induced increases in OD occurring in suspensions of the cells resulted from an interaction of salts with components of the cell envelope, causing contraction of the envelopes and shrinkage of the cells.
When cells of a marine pseudomonad washed free of medium components with 0.05 M MgSO4 were suspended in solutions containing 200-mM concentrations of various salts, there was an immediate increase in optical density (OD), followed by a slow decrease. The decrease following the initial increase, but not the increase itself, could be prevented by omitting K+ from or by adding metabolic inhibitors to the suspending solution. With NaCl, the initial increase in OD rose to a maximum as the salt concentration was increased to 200 mm and then declined at 500 mM. There was a corresponding decrease in intracellular fluid volume to a minimum at 200-mM NaCl and then a rise. When the increased OD produced by NaCl was maintained, the internal Na+ and Cl-could be shown to have reached essentially the same concentration in the cells as in the medium. Thus, the OD changes could not have been due to osmotic effects. No evidence was obtained of a salt-induced aggregation of nuclear material. The OD of suspensions of isolated cell envelopes increased in response to increases in NaCl concentration in the absence but not in the presence of 0.05 M MgSO4. The data was interpreted to indicate that the salt-induced increases in OD occurring in suspensions of the cells resulted from an interaction of salts with components of the cell envelope, causing contraction of the envelopes and shrinkage of the cells.
Turbidity changes occur in suspensions of gram-negative bacteria when the solute concentration of the suspending medium is increased by the addition of electrolytes or nonelectrolytes. The changes can often be separated into two phases. The first is an increase in turbidity which is complete within seconds. The second, which may or may not occur depending on the species (6) , is a slow decrease in turbidity which follows the initial increase. These effects, which have been observed by a number of workers (1, 2, 6, (14) (15) (16) , have been ascribed generally to an initial rapid decrease in size of the cells caused by the sudden increase in osmotic pressure in the suspending medium followed by a slow restoration of the cells to normal size as the solutes come into equilibrium across the osmotic barrier. Gram-positive bacteria ordinarily do not show 1 From a thesis submitted by Tibor I. Matula in partial fulfillment of the requirements for the Ph such optical effects, although after incubation in phosphate buffer followed by washing in distilled water, the cells of a number of species of grampositive bacteria became susceptible to optical changes comparable to those of gram-negative organisms (6, 9) . Our interest in the mechanism of these optical effects was aroused when we observed that suspensions of a marine pseudomonad showed optical changes typical of those of other gram-negative bacteria upon the addition of NaCl to the suspending medium. Since previous studies had indicated that the cytoplasmic membrane of the marine pseudomonad presented no osmotic barrier to NaCl (19) , it seemed unlikely that osmotic effects could account for the optical changes produced in suspensions of this organism. This paper provides evidence that the first-phage optical changes in suspensions of this organism are due to an interaction of salts with components of the cell envelope, whereas the second-phase changes require K+ and are under metabolic control.
MATERIALS AND METHODS Culture. The 16 ,000 X g at 4 C. Unless otherwise stated, the cells were washed three times by resuspension in and centrifugation from volumes of 0.05 M MgSO4 equal to the volume of the growth medium.
Preparation of cell envelopes. The cell envelopes were prepared by a slight modification of the procedure described by Buckmire and MacLeod (4) . Cells were grown and harvested as described above, but they were washed in 0.5 M NaCl. A suspension of the cells adjusted to contain the equivalent of 33 to 35 mg (dry weight) of cells per ml in a total volume of 20 ml was placed in a polypropylene tube and frozen by using liquid air. The suspension was thawed at room temperature, diluted with 0.5 M NaCl to a volume of 200 ml, and centrifuged at 3,500 X g. The supematant fluid was removed and the sedimented matter was resuspended in 20 ml of 0.5 M NaCl. The freezing and thawing treatment was repeated once more by which time all the cells had lost their contrast, as indicated by phase-contrast microscopy. The envelopes were washed by repeated resuspension in and centrifugation from 0.5 M NaCl until the optical density (OD) of the washings measured at 260 nm had dropped essentially to zero. Examination of thin sections by electron microscopy revealed large fragments of envelopes, some in the shape of whole cells containing variable but small amounts of nuclear material and no evidence of ribosomes.
OD changes. For these measurements, a suspension of appropriately washed cells was added in 0.1-ml volumes to 9. Intracellular Na+ and Cl. Intracellular Na+ and Cl-concentrations were determined by procedures described previously (19) , except that the cells were suspended in a solution containing 0.01 M Tris buffer (pH 7.2), 0.05 M MgSO4, and concentrations of NaCl as indicated in the text. Corrections were made for ions present in the extracellular fluid using 14C-inulin for the measure of the extracellular fluid volume.
Inulin and "Na space. Inulin space in a packed cell preparation was taken as the extracellular fluid volume, determined as described previously (19) but using '4C-inulin in place of 14C-carboxypolyglucose. The cells were suspended in the same medium used to determine the intracellular ion concentrations. "Na space was determined on another sample of the same cell suspension used to measure the inulin space. "2Na (specific activity about 22 mc/mM) was introduced as the chloride salt into the cell suspension at a concentration of 0.015 ,uc/ml. The cells were separated by centrifugation and the supernatant fluid was removed. The radioactivity of the supernatant fluid and of the separated cells was determined by using a well-type scintillation counter. From the radioactivity of the separated cells, it was possible to calculate the volume of supernatant fluid to which this 21Na activity corresponded. This volume was considered to be the "2Na space.
Na+ determination. For the determination of Na+, all samples were digested by a modification of the procedure of Sanui and Pace (18) . Samples were digested by heating first with nitric and then with perchloric acid in Vycor-brand Kjeldahl flasks until the samples became colorless, after which the residual perchloric acid was removed by evaporation under partial vacuum. Na+ analyses were performed by using a flame photometer attachment for a Zeiss PMQ II spectrophotometer.
Cl determination. Samples were prepared and analyzed for Cl-by essentially the procedures of Wilson and Ball (21) . Packed-cell preparations were mixed with an excess of a standard solution of AgNOs; concentrated HNO3 was added and the mixture was heated for 45 min over a bath of boiling water. In the case of supernatant solutions, a standard solution of AgNO3 was added directly to the samples to be analyzed, followed by concentrated HNO3. The C17 content of the cells and of the supernatant solutions was determined by back titrating the excess AgNO3 with a standard solution of NH4SCN, using FeSO4 (NH)2SO4 as indicator.
Radioactivity measurements. For the measurement of 14C activity, 0.1-ml volumes of the various solutions were pipetted onto circles of Whatman no. 1 filter paper which were then dried. Each filter-paper disc was placed in a vial and covered with a liquid scintillation mixture (5); radioactivity was measured in a Packard Tri-Carb liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill. 
RESULTS
Optical effects produced by various solutes. When equal samples of a suspension of marine pseudomonad B-16 that had been washed and suspended in 0.05 M MgSO4 were added to equal volumes of solutions differing in solute composition, the resulting suspensions were found to vary in OD, depending on the kind and concentration of the solutes present. In these experiments, the final suspensions were made in a basal, buffered salt solution to which various additional solutes were added. Two distinct phases of OD change could be distinguished ( Table 1 ). The first phase was an initial rapid increase in OD, complete within seconds after suspension of the cells. The second phase was a much slower decrease in OD which occurred after the peak OD had been reached. It is evident that the salts of various monovalent cations and sucrose were effective in producing a response. In the case of NaCl, the maximal increase in absorbancy was obtained at a concentration of 200 mM. MgSO4 was also effective in producing a response (Table 2) . It is of interest that combinations of MgSO4 and NaCl produced a greater initial increase in turbidity than did MgSO4 alone.
The rapid increase in turbidity of suspensions of the marine pseudomonad in response to the addition of solutes followed by a slow decrease is typical of the response obtained in suspensions of a number of gram-negative bacteria (1, 2, 14, 15, 17) .
Requirement for K+ for the second-phase optical change. The basal salt mixture used as a suspending medium in these initial studies contained K+ and Mg++ at levels optimal for the growth of this organism (12, 13 ). Omission of the basal level of KCI from the suspending solution had no effect on the first-phase optical change or on the increase in absorbancy of the suspension on addition of solutes, but it almost completely eliminated the second-phase optical change, the subsequent slow decrease in absorbancy after the initial increase (Table 3) . Other experiments have shown that omission of the basal level of Mg++ from the suspending solution had no effect on either phase of the optical response to added solutes.
Correlation of absorbancy changes with changes in intracellular fluid volume. The optical changes which occur in bacterial suspensions on addition of solutes are assumed to be manifestations either of changes in size of the organism or of different degrees of plasmolysis of the cells (1, 2, 6 ). Bernheim (2) concluded that OD changes in suspensions of Pseudomonas aeruginosa corresponded to changes in size of the cells as observed by electron microscopy of shadowed preparations. Lehninger (10) obtained a good correlation between OD change and volume change measured gravimetrically in rat liver mitochondria.
In the present study, changes in OD of suspensions of the marine bacterium were related to cell volume measured directly. The results in Fig. 1 decreased. Above the 200-mM NaCl concentration, the intracellular fluid volume increased slightly. (19) . To establish whether this still applied under the conditions used in the present studies and to determine the disposition of the anion involved, the intracellular Na+ and C17 concentrations in the marine pseudomonad were determined when the cells were suspended in the presence and in the absence of added NaCl (Table 4 ). In the absence of added NaCl, there was a small amount of Na+ and C1-present as a contaminant in the suspending medium. Under these circumstances, there was more Na+ in the cells than in the medium. This small amount represents Na+ tightly bound to the cells (R. C. Gordon and R. A. MacLeod, unpublished data). Under the same conditions, Cl-was also somewhat higher in the cells than in the medium. When NaCl was added to the suspension at a concentration of 200 mm, the concentration of Na+ in the cells became very nearly the same as in the medium. The Cl-concentration in the cells was somewhat less than in the medium.
Further support for the conclusion that an NaCl gradient is not maintained across the membrane of this organism was obtained by measuring the volume penetrated by 22Na ('2Na space) in cell preparations of the marine pseudomonad. In this experiment, the volume occupied by 22Na in a packed-cell preparation was compared with the total fluid volume and with the extracellular fluid volume as determined by using YC-inulin. The results (Table 5) show that when no unlabeled NaCl was added to the suspending medium the 22Na space exceeded the total fluid volume, suggesting that some "Na was exchanged for Na+ bound to the cells. When NaCl was added at a level of 200 mm, the amount of bound Na+ became negligible compared to the total Na+ present. The 22Na space determined under these conditions was quite similar to the total available fluid space in the cell preparations.
Effect of metabolic inhibitors. An energy-dependent water extrusion mechanism has been detected in mitochondria (11), chloroplasts, and photosynthetic bacteria (16) . If such a mechanism were present in the marine pseudomonad and required salts for activation, the initial decrease in intracellular fluid volume which occurs upon the addition of salts could be explained. As a test for the operation of such a system, the effect of metabolic inhibitors on the production of optical changes by salts was examined. The results ( Johnson and Gray (7) to occur in the marine organism Achromobacter fischeri. VOL. 100, 1969 The possibility was considered that the OD increase which occurred upon the addition of 200 mm NaCl might be due to chromatin aggregation. Staining of the nuclear material was carried out on cells of the marine pseudomonad according to the procedure of Whitfield and Murray (20) . No evidence of chromatin aggregation was obtained either in the presence or in the absence of NaCl at the concentration tested.
Effect of composition of washing solution on optical effects. The OD changes observed were obtained with cells washed with 0.05 M MgSO4 solution. Suspensions of cells washed in this way showed optical responses similar to those reported in the literature for terrestrial species. It was observed, however, that cells responded differently if washed with 0.5 M NaCl or with a solution of NaCl, KCI, and MgSO4 at concentrations of the salts permitting optimal growth of the organism. A comparison of the effect of different washing solutions on subsequent optical density changes in suspensions of the marine bacterium is presented in Table 7 . Equal numbers of cells washed in the three washing solutions were placed in the basal suspending medium containing various concentrations of NaCl. Cells washed in 0.5 M NaCl or in the salt mixture showed a relatively small initial response to added NaCl, as compared to cells washed in MgSO4 solution, and a higher optical density at 500 mm NaCl than at 200. Second-stage optical effects tended to show increases rather than decreases in optical density with time. It is of considerable interest that after 60 min of incubation all suspensions appeared to be approaching the same optical density at each level of NaCl tested, irrespective of how the cells were washed. Effects of salts on isolated envelopes. Suspensions of isolated envelopes of the marine pseudomonad were tested to determine their capacity to respond optically to different concentrations of salts (Fig. 2) . With Mg++ present in the suspending solution, somewhat higher optical densities were obtained in the absence than in the presence of NaCl. When Mg++ was omitted, however, an increase in turbidity occurred with increasing NaCl concentration, in a manner quite comparable to the responses obtained with whole cells.
DISCUSSION
The second phase of the optical changes occurring when the solute concentration of the suspending medium is increased could be separated from the first, in the case of the marine pseudomonad, either by removing K+ from or adding metabolic inhibitors to the suspending medium. Thus, the first-phase change, the initial increase in turbidity produced by added solutes, could be maintained and the factors giving rise to it could be examined.
When NaCl was used to increase the OD of the suspension, it was found that up to a concentration of 200 the increase in NaCl concentration. Studies of the comparative penetrability of inulin and sucrose into cells of this marine pseudomonad (F. L. A. Buckmire and R. A. MacLeod, unpublished data) suggest that the permeability barrier to inulin in these cells is the outer layer of the cell wall, whereas that to sucrose is the cytoplasmic membrane. Thus, decreases in the space not occupied by inulin in the suspension indicate a decrease in the volume of the whole cell rather than an increase in the degree of plasmolysis. Cells washed with 0.05 M MgSO4, however, do show evidence of plasmolysis both in the presence and in the absence of NaCl when examined by phase-contrast microscopy. This latter phenomenon is presently under investigation.
Direct measurement of intracellular Na+ and C17 showed that the two ions had assumed essentially the same concentration inside the cells as prevailed in the medium. This confirms earlier findings (19) and is supported by measurement of the 22Na space in the suspension. Thus, the extent of increase in OD which occurred reflected the degree to which the cells had shrunk; yet no NaCl gradient was maintained across either the cell wall or the cytoplasmic membrane. The possibility that the increase in OD could have been caused by an initial difference in NaCl concentration between the inside and the outside of the cell due to a slow penetration of the salt was ruled out, since, if this had been the case, one would have expected a gradual decrease in turbidity again as the salt concentration reached equilibrium across the permeability barrier. In the absence of K+, no such decrease occurred. The initial increase in turbidity was maintained over the period necessary to establish that the internal Na+ and C1-had already reached the concentration prevailing in the medium. Thus, NaCl could not have caused the cells to shrink by osmotic action.
Since metabolic inhibitors had no effect on the shrinkage of cells caused by NaCl, it seems unlikely that the salt had activated a type of energydependent contractile mechanism such as has been described in mitochondria (11) and in photosynthetic bacteria (16 (22) and for obtaining optimal growth of the organism (5). Above a concentration of 200 mm, NaCl caused the cells to swell again and to leak intracellular solutes (22) , and it inhibited growth (5). The reasons for this are obscure at present.
The failure of isolated envelopes to duplicate the response of whole cells to NaCl in the presence of Mg++ may well be due to the fact that in whole cells there is an outward thrust produced by internal osmotic pressure which could balance a tendency of Mg++ cross-links to cause envelope contraction by mechanical means.
The differences in response of suspensions of cells to added NaCl, depending on the salt solutions used to wash the cells, may possibly be related to the fact that cells of this organism leak small molecules when suspended in 0.05 M MgSO4 but not when the suspending medium contains an appropriate concentration of Na+ (22) . Potassium, which is ordinarily present in these cells at a concentration of 0.2 M, is lost from the cells when they are washed with 0.05 M MgSO4 (V. S. Srivastava, P. T. S. Wong, and R. A. MacLeod, unpublished data). As suggested by Kuczynski et al. (9) (3, 17) , these changes result from the energy-dependent transport of K+ and other metabolites, when present, into the cells.
